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Summary  Using  of  timber  in  civil  engineering  is  increasing  at  the  moment.  Main  timber  ele-
ments are  used  for  main  supporting  structures,  typically  for  buildings,  roofs,  footbridges  or
towers. This  work  studies  unique  timber  trusses  as  a  supporting  roof  structure  of  spatial  timber
building. Timber  trusses  are  used  as  roof  supporting  construction  for  objects  with  open  insidePin  joint;
FEM;
Truss
space, especially  halls  or  ofﬁce  buildings.  This  paper  resolved  critical  joint  in  roof  construction
which is  created  by  four  timber  trusses.  The  FEM  model  monitored  strain  changes  in  critical
places of  resolved  joint.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The  aim  of  this  paper  is  description  of  heavy  timber
framework  of  administrative  building  and  analysis  of  strain
and  ﬁxity  changes  of  unique  spatial  timber  truss.  This
spatial  truss  is  designed  as  framework  for  roof  of  atypical
administrative  building  and  it  is  consisted  from  four  trusses
in  different  axial  directions.  The  truss  in  this  work  is  design
by  larch  wood  from  certain  areas  of  Poland  and  Ukraine.
This  type  of  wood  was  used  for  its  very  good  strength
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licenses/by-nc-nd/4.0/).haracteristics  and  for  another  really  positive  feature,  its
igh  resistance  to  weathering.
The  critical  point  of  the  structure  is  the  crossing  of  two
russes.  This  joint  is  realized  without  steel  element,  so  it
s  realized  by  rods  and  notches.  The  beam  and  board  FEM
odel  were  created  to  get  exact  strain  and  deformation
esults,  which  were  compared.
escription of the structure
he  proposed  object  is  formed  of  four  units,  each  of  which
as  a plan  shape  of  a  regular  octagon  with  a  side  length
f  3.7  m;  individual  cells  have  different  heights  (Fig.  1).
his  paper  discusses  only  ﬁrst  one.  This  part  of  building  has
wo  ﬂoors  and  the  total  height  is  about  8.5  m.  Based  on  the
icle under the CC BY-NC-ND license (http://creativecommons.org/
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Figure  1  Set  of  a  heavy  skeleton  made  of  four  Portakabins.
Figure  2  Implementation  of  the  strength  test  on  wooden  sam-
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Figure  3  Supporting  structure  of  the  object  and  ground  plan
of pillars.
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Thanks  to  the  intersection  the  node  does  no  longer  act
as  a  hinge  joint,  but  there  are  negative  bending  momentsles.
ssumption  of  the  largest  burden,  this  part  has  become  the
rototype  for  other  parts  of  the  entire  building.  The  aim  of
he  project  was  to  design  a  building  using  the  minimum  of
teel  fasteners.
The  supporting  structure  of  the  building  is  designed  as  a
eavy  skeleton  with  joints  which  do  not  use  steel  elements.
s  a  building  material  was  chosen  massive  larch  wood  of
arge  proﬁles,  whose  origins  are  in  different  parts  of  Europe,
articularly  in  Ukraine  and  Poland.  Based  on  the  mechanical
estruction  tests,  the  timber  was  placed  in  the  C30  strength
lass  (Fig.  2)  (Lokaj  et  al.,  2010;  Lokaj  and  Marek,  2009).
hanks  to  these  strength  tests  it  was  possible  to  classify  the
ood  and  use  it  effectively  in  the  structure.
Most  of  the  construction  is  solved  in  articulated  joints.
he  joints  were  designed  as  pin  ones,  using  beech  pegs  of
he  D40  strength  class  or  traditional  craft  joints.  The  con-
truction  had  to  be  designed  so  that  the  wooden  joints  could
ransmit  the  resulting  internal  forces.  The  bearing  capacity
f  the  wooden  dowels  was  based  on  tests  conducted  on  the
oints  of  historical  buildings  (Agel  and  Lokaj,  2014).
Because  the  rigidity  of  the  timber  joints  is  lower  than
teel  joints,  one  of  the  most  important  thing,  was  to
esigned  hardening  system  of  the  building.
Main  hardening  systems  of  the  building  are  the  overall
racing  system  (Fig.  3)  of  the  object,  the  supporting  struc-
ure  of  the  ceiling  and  the  roof  support  system  (Fig.  4).  With
ll  these  design  measures,  there  was  a  signiﬁcant  increase  in
he  stiffness  of  the  whole  structure.  The  biggest  inﬂuence  on
patial  stiffness  then  has  a  spatial  truss  structure.  The  ceil-
ng  level  stiffness  is  ensured  by  a  coupled  wood-concrete
eiling  which  follows  the  reinforced  concrete  walls  in  the
evel  of  the  ﬁrst  ﬂoor.  Spatial  stiffness  is  largely  supported
w
tFigure  4  Designated  stiffening  elements.
y  straps  placed  both  at  ceiling  level  and  at  ﬂoor  level.  The
traps  are  designed  only  for  pressure  tension.
russ — bearing structure of the roof
o  ensure  an  open  area  without  internal  columns  on  the  sec-
nd  ﬂoor,  a  roof  using  space  truss  was  chosen.  This  design
an  be  divided  into  two  main  directions  (Fig.  3).  In  one
irection  are  used  two  identical  counter  trusses  with  the
pper  belts  slope  of  12◦.  Pitched  trusses  have  a  structural
eight  of  2900  mm  at  the  highest  point.  Perpendicularly  to
hese  beams  are  placed  two  straight  trusses  of  the  con-
truction  heights  of  1600  mm  and  2300  mm.  Because  of  the
imited  design  lengths,  the  secondary  elements  in  central
elds  are  replaced  and  attached  to  the  outer  ﬁeld  using  pin
onnections.  The  strips  of  the  outer  ﬁelds  are  formed  by  two
ections  so  as  to  facilitate  the  installation  of  anchors  to  the
upport  columns  of  the  structure  (Fig.  5).
uggestion for crossing
he  most  critical  and  also  structurally  the  most  interesting
esign  detail  in  the  structure  is  the  crossing  point  of  lower
nd  upper  belts  trusses  (Fig.  6).  In  this  joint  there  is  a  cross-
ng  of  elements  in  three  directions.  To  achieve  the  same
evel  crossing  of  the  beam  axes,  these  beams  were  given
otches  halfway  through  the  proﬁle.hich  can  be  compared  to  the  case  of  restraints.  Besides
hese  bending  moments  there  are  also  additional  moments
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Figure  7  The  picture  of  dry  crack  at  the  place  of  pin  join.
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in  the  joint  due  to  the  eccentricity  of  the  neutral  axis  of
the  notch.  Such  eccentricity  was  then  affected  by  normal
forces,  which  triggered  parasitic  bending  moments.  The  con-
nection  was  designed  for  axial  forces,  for  all  of  the  bending
moments  and  shear  force,  which  is  transmitted  in  the  ver-
tical  joints.  All  the  pin  connections  and  weakened  sections
were  also  examined.  The  assessment  of  the  joints  was  evalu-
ated  according  to  the  applicable  CSN  EN1995-1-1  standards.
Within  the  calculation  which  was  performed  on  the  basis  of
a  3D  beam  joint  model,  the  joint  was  designed  to  the  use  of
87%  (Lokaj  and  Klajmonová,  2014).
In  this  joint  is  a  danger  of  formation  of  dry  cracks  at
the  place  of  notches  (Fig.  7).  This  phenomenon  signiﬁ-
cantly  decreased  the  wood  strength;  particularly  the  pin
joint  strength  was  signiﬁcantly  reduced,  since  the  pins  in
the  holes  did  not  physically  take  part  in  the  transmission
of  internal  forces.  The  negative  effects  of  this  phenomenon
can  be  eliminated  by  choosing  the  right  wood  for  the  pro-
duction  of  structural  elements.  An  extreme  option  is  then  to
ﬁll  in  the  cracks  with  PU  based  adhesive  and  the  subsequent
proﬁle  fastening  (Lokaj  et  al.,  2010;  Fojtík  et  al.,  2015).
Experimental model of the FEM truss
construction
The  truss  structure  is  structurally  the  most  complex  and
demanding  part  of  the  building.  To  verify  the  correct  model
exposure  of  the  ﬁnite  element  method  the  truss  was  ﬁrst
modelled  as  a  single  beam  construction  and  then  as  a  board
structure,  where  the  details  were  modelled  by  notches  and
m
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t
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Figure  6  Joint  visualizatFigure  8  FEM  beam  model.
in  connections  according  to  the  detail  design.  Both  models
ere  loaded  by  the  force  of  10  kN  in  the  location  of  critical
oints  and  were  subsequently  compared  as  for  the  signiﬁcant
onitored  variables,  the  deﬂection  and  reactions  (Lokaj  and
arek,  2009).
The  beam  model  was  modelled  axially  using  the  real
imensions  of  structural  elements.  The  actual  position  of
he  truss  elements  was  taken  into  consideration.  All  joints
ere  modelled  as  articulated,  with  the  assignment  of  joint
tiffness  by  calculating  the  kser slip  module,  by  which  the
eal  stiffness  of  the  joints  was  simulated  (Fig.  8).
The  board  model  was  modelled  on  a  real  parameter  of
he  truss  structure;  the  shape  of  the  structural  elements  is
odelled  using  wall  elements  on  the  actual  thickness.  In  the
rst  variant  it  is  modelled  without  notches  at  the  crossing
oint,  in  the  second  one  then  notches  were  already  taken
nto  account.  Thanks  to  this  measure  it  was  possible  to  com-
are  the  inﬂuence  of  notches  on  stiffness  of  the  structure.
in  connections  were  also  realistically  modelled  in  board
odels.  The  individual  pins  were  attached  to  the  wall  ele-
ents  with  the  kser rotational  stiffness,  calculated  accordingo  the  CSN  EN  1995-1-1  norm.  For  both  board  models,  a  net
f  average  size  pieces  of  25  mm  was  used.  In  the  areas  of
ion  at  crossing  point.
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Figure  9  FEM  board  model  with  notches.
Figure  10  FEM  board  model  without  notches.
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Table  1  Comparison  of  the  results  of  the  FEM  models.
Monitored
variables
Central
deﬂection
uz (mm)
Joints  shift
uz (mm)
Stiffness
k  (N  m−1)
Beam  model
(Fig.  8)
3.0  3.2  6  666  666
Board model
with  notches
(Fig.  9)
3.9  4.4  5  128  205
Board model
without
3.8 4.4 5  263  158
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els.  Creating  of  an  accurate  FEM  models  is  useful  for  newigure  11  Distribution  of  normal  stress  at  a  critical  point  of
onnection.
oints  and  the  corners  of  notches,  this  net  was  thickened  and
eﬁned  to  an  average  size  of  5  mm  pieces  (Figs.  9  and  10).
In  the  case  of  the  experimental  FEM  plate  model  of  the
rossing,  there  is  under  the  load  of  10  kN  per  node,  as  shown
n  Fig.  11,  at  the  critical  point  reached  normal  compres-
ive  stress  of  nearly  8  Mpa,  tensile  normal  stress  is  then
 MPa,  with  the  critical  characteristic  value  of  strength  being
8  MPa.  In  the  case  of  experimental  load  the  critical  notch
oint  is  used  for  around  50%.
esults and discussion
oth  kinds  of  the  FEM  model  were  compared  for  their
ehaviour  as  for  the  deformation  of  the  structure.  These
ere  mainly  a  vertical  deﬂection  in  the  middle  of  the  mar-
in  and  the  maximum  shift  which  occurred  at  the  site  of
plice  of  the  truss  belts  in  the  central  ﬁeld.  To  check  the
orrect  functioning  of  the  particular  models  the  intensity  of
eactions  was  observed.
The  values  listed  in  the  table  below  show  the  behaviour
f  the  structure,  depending  on  the  FEM  model  used.  In  case
f  using  the  beam  model,  the  most  favourable  values  are
he  ones  of  constructional  deformation.  It  is  due  to  the  fact
hat  the  model  is  not  considered  in  terms  of  joint  geome-
ry.  Comparing  the  actual  board  models,  it  is  obvious  that
he  inﬂuence  of  the  notches  on  the  overall  stiffness  of  the
tructure  is  not  too  large.  The  risk  of  notches  is  therefore
t
c
anotches
(Fig.  10)
elated  to  the  actual  assessment  of  the  tensions  in  the  given
ocation  (Cˇecháková  et  al.,  2012).
The  stiffness  of  the  truss  was  calculated  as  the  ratio  of
oad  and  deﬂection  at  the  centre  according  to  (1).  Compar-
ng  the  resulting  stiffness  of  the  FEM  model  shows  that  the
eam  pattern  is  stiffest.  The  resulting  stiffness  of  lattice
odels  is  evident  according  to  Table  1.
 =
∑
F
uz
=  [N  ·  m−1] (1)
The  rotational  stiffness  of  the  particular  joints  and  pins
as  given  by  the  kser module  slip  (2). The  pin-slip  module
as  calculated  according  to  the  applicable  European  stan-
ards  of  CSN  EN  1995-1-1  and  it  differed  according  to  the
ections  of  the  pins.  The  FEM  beam  model  was  also  assigned
articular  stiffness  depending  on  the  number  of  mechanical
asteners  at  the  joints  (Agel  and  Lokaj,  2014).
ser = m
1.5d
23
=  [N  ·  mm]  (2)
onclusion
ood  as  a material  for  building  main  structures  is  again  more
opular.  Timber  got  this  popularity  thanks  to  its  strength
haracteristics,  renewability,  energy  use,  insulation  proper-
ies,  and  its  positive  effect  on  the  human  psyche.  The  timber
s  more  and  more  used  as  a  construction  material  of  new
ypes  of  structures.  This  work  represent  structure  is  one  of
hem.
In  this  work  there  is  comparing  of  results  from  rod  model
nd  board  model.  In  both  models  the  stiffness  of  the  joint,
alculated  according  to  the  CSN  EN  1995-1-1  norm,  was
aken  into  account.  Board  FEM  model  was  created  to  get
ore  accurate  strain  and  deformation  results.  Creating  the
late  model  led  to  taking  into  account  the  geometry  of
owel  joints,  the  rotational  stiffness  of  pins  and  notches,
hus  reducing  the  stiffness  of  the  truss  and  increasing  defor-
ation,  comparing  with  beam  model.
In  practical  designing  of  main  structures  of  building  is
eam  FEM  model  better  than  more  complicated  board  mod-ypes  of  construction  systems  or  critical  joints.  For  these
ritical  structures  is  important  to  know  all  critical  factors
ffecting  the  stiffness  of  the  structure.
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